Hypoglycemia limits optimal glycemic control in type 1 diabetes mellitus (T1DM), making novel strategies to mitigate it desirable. We hypothesized that portal (Po) vein insulin delivery would lessen hypoglycemia. In the conscious dog, insulin was infused into the hepatic Po vein or a peripheral (Pe) vein at a rate four times of basal. In protocol 1, a full counterregulatory response was allowed, whereas in protocol 2, glucagon was fixed at basal, mimicking the diminished a-cell response to hypoglycemia seen in T1DM. In protocol 1, glucose fell faster with Pe insulin than with Po insulin, reaching 56 6 3 vs. 70 6 6 mg/dL (P = 0.04) at 60 min. The change in area under the curve (DAUC) for glucagon was similar between Pe and Po, but the peak occurred earlier in Pe. The DAUC for epinephrine was greater with Pe than with Po (67 6 17 vs. 36 6 14 ng/mL/180 min). In protocol 2, glucose also fell more rapidly than in protocol 1 and fell faster in Pe than in Po, reaching 41 6 3 vs. 67 6 2 mg/dL (P < 0.01) by 60 min. Without a rise in glucagon, the epinephrine responses were much larger (DAUC of 204 6 22 for Pe vs. 96 6 29 ng/mL/180 min for Po). In summary, Pe insulin delivery exacerbates hypoglycemia, particularly in the presence of a diminished glucagon response. Po vein insulin delivery, or strategies that mimic it (i.e., liver-preferential insulin analogs), should therefore lessen hypoglycemia.
Hypoglycemia is a key barrier to optimal glycemic control in the management of type 1 diabetes mellitus (T1DM). Previous research has established the importance of aggressive control of hyperglycemia to mitigate microvascular (1) (2) (3) (4) and possibly macrovascular (5-9) complications, but a principle limitation of this approach is increased hypoglycemia and its potential for devastating neurologic consequences (6, (10) (11) (12) (13) (14) (15) . The homeostatic response to hypoglycemia is compromised in patients with T1DM for several reasons, including 1) the circulating insulin concentration does not fall in response to decreasing glucose concentrations, 2) the glucagon response is deficient (16-19), and 3) patients with antecedent hypoglycemia are predisposed to subsequent hypoglycemia because the sympathoadrenal response is diminished (18, 20) . Collectively, the presence of these abnormalities contributes to defective counterregulation and hypoglycemic unawareness.
Current therapy in T1DM is further limited by the necessity of injecting insulin into subcutaneous tissue, which delivers insulin into the peripheral (Pe) circulation, rather than the hepatic portal (Po) circulation. This approach results in a reversal of the normal insulin distribution, with higher insulin concentrations in the Pe circulation and lower insulin levels in the hepatic Po blood. A therapeutic balance must therefore be achieved, such that the excess of insulin in the Pe circulation and its effect on glucose uptake offsets the deficit of insulin at the liver and its effect on glucose production. Because Pe overinsulinization shifts the primary site of insulin action away from the liver and toward skeletal muscle, a conceivable result is a predisposition to hypoglycemia. Skeletal muscle has an inherently slower response time than the liver to fluxes in insulin, glucose, and counterregulatory factors (21) (22) (23) (24) (25) . Further, skeletal muscle provides a larger "glucose sink" than the liver because it comprises a higher percentage of total body mass than the liver (26, 27) and takes up glucose at all glycemic levels, as opposed to the liver, which takes up glucose poorly under hypoglycemic and only modestly under euglycemic conditions (28) .
In the current study, we tested the hypothesis that Pe (as opposed to Po vein) insulin delivery leads to greater hypoglycemia, thereby placing a greater demand on the counterregulatory response system. We then tested the hypothesis that the propensity for increased hypoglycemia in response to Pe insulin treatment is exaggerated when the glucagon response to hypoglycemia is lost, as in individuals with T1DM, and can be minimized by Po insulin delivery.
RESEARCH DESIGN AND METHODS

Animal Care and Surgical Procedures
Experiments were performed on conscious, adult male, 18-h overnight-fasted dogs weighing 19-25 kg, maintained on a daily diet of canned meat (400 g) and chow (550 g). Dogs were boarded in a surgical facility that met the standards of the Association for Assessment and Accreditation of Laboratory Animal Care guidelines, and the protocol was approved by the Vanderbilt University Medical Center Animal Care Committee.
Two weeks before the experiments, a laparotomy was performed for placement of Silastic infusion catheters in the jejunal and splenic veins, which drain into the hepatic Po circulation. Sampling catheters were placed in the femoral artery, Po vein, and hepatic vein and ultrasonic flow probes were placed around the hepatic artery and Po vein, as described previously (29, 30) . All dogs were healthy on the day of study, as evidenced by a leukocyte count ,18,000/mm 3 , hematocrit .35%, good appetite, normal stooling, and healthy physical appearance.
Experimental Design
On the morning of the experiment, intravenous angiocatheters were placed in the cephalic and saphenous veins for infusion of H]glucose, human insulin, 20% dextrose, and somatostatin. The distal ends of the sampling catheters and flow probes were exteriorized from their subcutaneous pockets on the day of study through incisions made under local anesthesia (2% lidocaine). Dogs rested in a Pavlov harness throughout the experiment.
Using two protocols, each experiment consisted of a 100-min H]glucose equilibration period (2120 to 220 min), a 20-min basal period (220 to 0 min), a 180-min insulin infusion period (0 to 180 min), and a 120-min recovery period (180 to 300 min), as shown in Fig. 1 . At 2120 min, a priming dose of H]glucose (38 mCi) was given, followed by a constant infusion at 0.32 mCi/min through the remainder of the experiment. During the infusion period, insulin was infused into the hepatic Po vein or a Pe vein at four times its basal secretion rate (1.1 mU/kg/min). The full counterregulatory hormone response to hypoglycemia was allowed to occur in one protocol (protocol 1 [Pr1]), whereas in the other protocol (Pr2), glucagon was fixed at a basal concentration from 0 to 300 min by infusing somatostatin (0.8 mg/kg/min) through a leg vein and glucagon at a basal rate (0.57 ng/kg/min) through the Po vein to mimic the diminished glucagon response seen in individuals with T1DM. Arterial plasma glucose samples were taken every 5 min during the infusion period, and glucose was infused as needed to maintain glucose at ;40 mg/dL. During the recovery period in Pr1, insulin was withdrawn and no hormones were infused further. During the recovery period in Pr2, insulin was infused Po at a basal infusion rate (0.25 mU/kg/min), and the somatostatin and glucagon infusions were continued.
Analytical Procedures
Plasma glucose, insulin, glucagon, catecholamines, cortisol, nonesterified fatty acids (NEFAs), blood lactate, alanine, glycerol, b-O-hydroxybutyrate (b-OHB), and hematocrit were measured as described elsewhere (31, 32) .
Calculations
The rates of glucose production (R a ) and utilization (R d ) were determined using a primed, constant infusion of [3- 3 H]glucose. Calculation of the data used a circulatory model described by Mari et al. (33) using canine parameters established by Dobbins et al. (34) and took into account exogenous glucose infusion when such occurred.
Net hepatic substrate balances and gluconeogenic and glycogenolytic fluxes were calculated as described elsewhere (35) (36) (37) . A positive number for net hepatic gluconeogenic flux represents net gluconeogenic flux to glucose-6-phosphate, whereas a negative value represents net glycolytic flux. A positive value for net hepatic glycogenolytic flux represents net glycogen breakdown, whereas a negative number represents net glycogen synthesis. Nonhepatic glucose uptake was calculated as described elsewhere (38, 39) .
The changes in the counterregulatory hormone levels brought about by insulin infusion were assessed by calculating differences in area under the curve (DAUC) between the infusion period and the basal period using trapezoidal approximation. The changes in glucose turnover, glycogenolytic, gluconeogenic, and hepatic substrate balances were similarly assessed by calculating the DAUC between the period of interest and the basal period.
Statistics
Data were analyzed for differences between Po and Pe insulin delivery groups using SigmaStat software (SPSS, Chicago, IL). The statistical comparison between groups for time-course data used two-way, repeated-measures ANOVA. When significant differences in the responses between groups were found, post hoc analyses using the Holm-Sidák method were used to identify differences at specific time points between groups. The unpaired Student t test was used to compare DAUC data between groups. Data are presented as mean 6 SEM.
RESULTS
Insulin Concentrations
When insulin was infused Pe at four times the basal rate (n = 14), the insulin concentrations rose approximately sixfold in the artery and approximately twofold in the Po vein ( Fig. 2 ) to 45 6 3 and 36 6 2 mU/mL, respectively. When insulin was infused Po at the same rate (n = 14), its level rose fourfold in both Pe and Po plasma to 22 6 1 and 66 6 4 mU/mL, respectively. In all groups, endogenous insulin secretion was inhibited, as indicated by C-peptide levels approaching zero (data not shown). During the recovery period in Pr1, plasma insulin initially dropped to nearly zero and then rose toward basal as endogenous insulin secretion resumed. During the recovery period in Pr2, insulin was infused intraportally at a basal rate in the presence of a somatostatin infusion, and as a result, the insulin levels rapidly returned to baseline values.
Pr1
Plasma Glucose Levels
The arterial plasma glucose concentration fell more rapidly with Pe than with Po insulin infusion (Fig. 3A) , reaching 56 6 3 vs. 70 6 6 mg/dL at 60 min, respectively (P = 0.04). Plasma glucose eventually reached a similar nadir (;50 mg/dL) in both groups, but this occurred earlier in the Pe group (60 vs. 150 min). No dogs in Pr1 required a glucose infusion to prevent plasma glucose from falling to ,40 mg/dL. Glucose quickly returned to basal levels in the recovery period, with little difference between the groups.
Glucose Turnover and Net Hepatic Glucose Balance
During the first hour of insulin infusion, the suppression of R a was minimally greater with Po insulin than with Pe insulin (DAUC 214.8 6 3.8 vs. 226.2 6 13.8 mg/kg/60 min, Pe vs. Po, P = 0.41) (Fig. 3B) . However, the rise in R d was significantly greater with Pe insulin infusion (DAUC 76.4 6 10.4 vs. 38.6 6 9.2 mg/kg/60 min, Pe vs. Po, P = 0.01) (Fig. 3C) , thus explaining the more rapid drop in , nonhepatic glucose uptake (E ), net hepatic glycogenolytic flux (F), and net hepatic gluconeogenic flux (G) for Pr1 in 18-h-fasted, conscious dogs during the basal (220 to 0 min), experimental (0 to 180 min), and recovery (180 to 300 min) periods (mean 6 SEM). *P < 0.05 between groups. Inf, infusion; G6P, glucose-6-phosphate.
plasma glucose in the Pe insulin group. In the last 30 min of the insulin infusion period, when glucose concentrations in both groups were equal (;50 mg/dL) and essentially flat, Pe insulin infusion resulted in greater R d (2.41 6 0.20 vs. 1.91 6 0.14 mg/kg/min, Pe vs. Po) and greater R a (2.44 6 0.13 vs. 2.19 6 0.13 mg/kg/min, Pe vs. Po). R a and R d returned to basal rates as euglycemia was restored during the recovery period. The trends seen in glucose turnover were similar to those seen in the arteriovenous difference data (Fig. 3D and E) . The initial suppression of glucose production was due to an insulin-induced fall in the net hepatic glycogenolytic flux and a small fall in the net hepatic gluconeogenic flux in both groups ( Fig. 3F and G) . Eventually, as the counterregulatory hormones rose, net hepatic glycogenolysis returned to the basal rate, but net hepatic gluconeogenic flux to glucose-6-phosphate increased and remained above baseline. During the recovery period, plasma glucose rapidly rose as a result of a rapid increase in glycogenolysis.
Counterregulatory Hormone Response
The DAUC for hepatic sinusoidal plasma glucagon was similar between Pe and Po insulin infusion (2.7 6 0.8 vs. 2.4 6 0.4 ng/mL/180 min, P = 0.81) (Fig. 4B) (Fig. 4A) . The DAUC for arterial plasma epinephrine in the Pe insulin infusion group tended to be higher (67 6 17 vs. 37 6 14 ng/mL/180 min, Pe vs. Po, P = 0.32) (Fig. 4D ) and tended to peak earlier (120 vs. 180 min, P = 0.22) (Fig. 4C) . Norepinephrine rose steadily and similarly in both groups ( Fig. 4E and F) . The arterial plasma cortisol response to hypoglycemia was also similar in both groups (DAUC 1,038 6 185 vs. 860 6 171 mg/dL/180 min, P = 0.46) and peaked at the same time (90 min) ( Fig. 4G and H). The counterregulatory hormone levels returned to baseline during the recovery period.
Pr2
Plasma Glucose Levels
In Pr2, using the same insulin infusion rate as in Pr1 but with glucagon clamped, the fall in glucose was faster regardless of the route of insulin delivery. As in Pr1, however, glucose fell more rapidly with Pe than with Po insulin (Fig. 5A ), reaching 41 6 3 vs. 67 6 2 mg/dL (P , 0.01) by 60 min. A nadir of ;40 mg/dL was reached 60 min into the Pe insulin infusion compared with ;45 mg/dL at 150 min with the Po insulin infusion. Five dogs in the Pe group versus one in the Po group required a low-rate glucose infusion (average 0.08 mg/kg/min vs. 0.02 mg/kg/min, respectively) to maintain glucose $40 mg/dL. Glucose rose more slowly in the recovery period in Pr2 than in Pr1 because the insulin infusion was returned to basal rather than being stopped.
Net Hepatic Glucose Balance and Glucose Turnover
In the first hour, there was minimal difference in suppression of R a between the Pe and Po insulin infusion (DAUC 230.1 6 13.6 vs. 236.4 6 10.1 mg/kg/60 min, respectively) (Fig. 5B) . Nevertheless, the rise in R d was twice as great with Pe insulin as with Po insulin (DAUC 94.6 6 15.1 vs. 47.3 6 19.9 mg/kg/60 min, respectively, P = 0.06) (Fig.  5C) , thus explaining the more rapid fall in plasma glucose. In the last 30 min of the insulin infusion period, when glucose concentrations for both groups were 40-45 mg/dL and essentially flat, Pe insulin infusion was associated with greater R d (2.81 6 0.17 vs. 2.21 6 0.19 mg/kg/min, Pe vs. Po) and greater R a (2.85 6 0.14 vs. 2.22 6 0.19 mg/kg/min, Pe vs. Po). Thus, as in Pr1, overall glucose turnover was greater with Pe infusion. In the recovery period, R a and R d returned to basal rates as euglycemia was restored. Similar trends were seen in the arteriovenous difference data ( Fig.  5D and E) .
Net (Fig. 5F ). Net hepatic gluconeogenic flux decreased similarly in both groups in the first hour (DAUC 213.2 6 7.4 vs. 210.5 6 4.5 mg/kg/60 min, Pe vs. Po) (Fig. 5G) . During the final 30 min of the infusion period, net hepatic glycogenolytic flux remained less than basal in both infusion groups (20.09 6 0.32 vs. 0.42 6 0.15 mg/kg/min, Pe vs. Po). Net hepatic gluconeogenic flux, however, was increased in both groups, being three times higher with Pe insulin than with Po insulin (2.16 6 0.50 vs. 0.72 6 0.14 mg/kg/min, respectively). This was in contrast to Pr1, in which the net hepatic gluconeogenic flux was less in both groups (0.37 6 0.12 vs. 0.23 6 0.14 mg/kg/min, with Pe and Po insulin, respectively) (Fig. 3G) . Although net hepatic glycogenolytic and gluconeogenic flux both returned to basal rates during the recovery period with Po insulin, net hepatic glycogenolysis remained suppressed and net hepatic gluconeogenic flux remained elevated with Pe delivery.
Counterregulatory Hormone Response
In Pr2, the plasma glucagon concentrations were basal and similar between Po and Pe during the insulin infusion ( Fig. 6A and B) . Without a rise in glucagon, the increase in epinephrine was much greater for both infusion groups, with a DAUC of 204 6 22 for Pe vs. 96 6 29 ng/mL/180 min for Po (P = 0.02, respectively) ( Fig. 6C and D) . Norepinephrine rose modestly and was not different between groups (Fig. 6E and F) . With glucagon basal, cortisol rose to a greater extent in both groups, with the rise being greater in response to Pe insulin than to Po insulin (1,436 6 86 vs. 843 6 165 mg/dL/180 min, P , 0.01) (Fig. 6G and H) . Counterregulatory hormone concentrations returned toward basal during the recovery period.
Metabolite Response
In Pr1, both infusion groups had a small rise in net hepatic lactate output at 30 min, followed by the liver switching to net lactate uptake (Fig. 7B) in parallel with the rise in plasma epinephrine. The rise in blood lactate levels that occurred in the face of elevated net hepatic lactate uptake indicates that muscle lactate production increased (Fig.  7A) . The response was greater in the presence of Pe insulin than in Po insulin, concordant with the greater epinephrine response. A similar pattern was seen in Pr2 ( Fig. 7E and F) , but without a rise in glucagon, net hepatic lactate uptake increased to a greater extent in both groups with a larger difference between the Pe and Po groups compared with Pr1. Blood lactate levels rose nearly fourfold by the end of the infusion period with Pe insulin in Pr2 (Fig. 7E) , compared with twofold in Pr1 (Fig. 7A) . A rise in blood lactate levels, despite the large increase in net hepatic lactate uptake, indicates that muscle lactate production with Pe insulin was greater in Pr2 than in Pr1, consistent with the larger rise in epinephrine. Blood lactate levels with Po insulin infusion did not rise in Pr1 and rose minimally in Pr2.
The arterial blood glycerol level and net hepatic glycerol uptake both initially fell in response to the rise in insulin in Pr1 but then rose during hypoglycemia in parallel with the rise in plasma epinephrine, and there was no difference between groups (Fig. 7C and D) . Once again, because the rise in blood glycerol occurred in the face of increased net hepatic glycerol uptake, there must have been increased production of glycerol (lipolysis) by adipose tissue. A similar pattern was seen in Pr2, except there were significantly larger increases with Pe insulin than with Po insulin (Fig. 7G and H) . NEFA kinetics in Figure 4 -Arterial plasma concentrations and DAUC for glucagon (A and B), epinephrine (C and D), norepinephrine (E and F), and cortisol (G and H) for Pr1 in 18-h-fasted dogs during the basal (220 to 0 min), experimental (0 to 180 min), and recovery (180 to 300 min) periods (mean 6 SEM). *P < 0.05 between groups. Inf, infusion.
both protocols followed those of glycerol, with an initial suppression of NEFA levels and net hepatic uptake, followed by increases in both, concurrent with the rise in plasma epinephrine (Table 1) . b-OHB production fell and then rose, as expected, given the changes in net hepatic NEFA uptake, with greater changes occurring in Pr2 than in Pr1. Blood alanine concentrations decreased modestly, while net hepatic alanine uptake increased slightly in response to hypoglycemia in both protocols, indicating that the fractional extraction of the amino acid by the liver increased. In the recovery periods, these parameters returned toward basal.
DISCUSSION
The current study sought to determine the extent to which the route of insulin delivery influences susceptibility to hypoglycemia. By infusing insulin at four times the basal rate into the hepatic Po or the Pe circulation, we demonstrated that the susceptibility to hypoglycemia was increased when insulin was delivered Pe as opposed to Po. When the glucagon response was prevented by clamping glucagon at a basal value (mimicking the diminished response seen in T1DM), the effect of Pe insulin delivery was even greater. This increased hypoglycemic propensity placed a larger demand on the adrenergic response to prevent plasma glucose from dropping to life-threatening concentrations. The effect of overinsulinizing the periphery (which increased R d ) was greater than the effect of underinsulinizing the liver (which increased R a ), thus explaining the greater hypoglycemia seen with Pe insulin infusion. A number of studies have examined differences between Pe and Po insulin delivery from the perspective of evaluating the efficacy of insulin delivery via intraperitoneal catheters (40) (41) (42) . In general, slight improvements in glycemic control and glucose variability were seen. To our knowledge, however, ours is the first study specifically evaluating the effects of equivalent Pe versus hepatic Po insulin infusion on hypoglycemia.
In a previous study, we compared the effect on glucose kinetics of insulin infusion at a basal rate into the hepatic Po vein or a Pe vein (43) . When basal insulin infusion was switched from the Po to the Pe route, there was a doubling in the arterial insulin concentration and a halving of the hepatic sinusoidal insulin concentration. This resulted in hepatic R a rapidly rising by more than twofold while R d rose slowly and to a lesser extent. As a consequence of this mismatch, arterial plasma glucose rose from 100 to 140 mg/dL. Thus, under basal insulin conditions, the (A and B) , epinephrine (C and D), norepinephrine (E and F), and cortisol (G and H) for Pr2 in 18-h-fasted dogs during the basal (220 to 0 min), experimental (0 to 180 min), and recovery (180 to 300 min) periods (mean 6 SEM). *P < 0.05 between groups. Inf, infusion.
effect of lowering insulin at the liver (which increased R a ) had more of an effect than increasing insulin at Pe tissues (which increased R d ). It follows that under basal conditions, the rate of insulin infusion into the Pe circulation would have to be greater than the rate of infusion into the Po vein to restrain R a . In other words, control of the liver would require a higher Pe insulin level, with the consequence that one would move up the dose-response curve relating insulin to R d . As that dose-response relationship steepens, errors in insulin dosing would have greater effect, resulting in an increase in hypoglycemic and hyperglycemic events. By comparison, when insulin is delivered into the hepatic Po vein, liver glucose production can be controlled with less insulin reaching the Pe tissues. This would result in a smaller increase in R d (one would stay on the flatter part of the dose-response curve), effectively reducing glycemic variability and hypoglycemia while maintaining target glycemia.
A similar situation would occur under prandial conditions, with more insulin being required when it is given Pe than when it is given Po to bring about a normal increase in hepatic glucose uptake. As a result, the insulin level in Pe plasma would again be excessive, and in this case, glucose storage would shift away from the liver toward muscle. The current study delineates what would happen if one infused insulin at a rate four times basal via a Pe or Po vein route in the absence of a glucose load. As predicted, with Pe insulin delivery the effect on R d dominated and hypoglycemia worsened. Clinically, when insulin is given subcutaneously, the dose would be reduced to prevent hypoglycemia, but to control hepatic glucose production, one would still be forced to overinsulinize the Figure 7 -Arterial blood concentrations and net hepatic balances in Pr1 for lactate (A and B) and glycerol (C and D) and in Pr2 for lactate (E and F) and glycerol (G and H) in 18-h-fasted, conscious dogs during the basal (220 to 0 min), experimental (0 to 180 min), and recovery (180 to 300 min) periods (mean 6 SEM). *P < 0.05 between groups. Inf, infusion. periphery, thus climbing the R d /insulin dose-response curve and causing increased glycemic variability, including hyperglycemia and hypoglycemia. In contrast, insulin treatment targeted to the liver by Po vein insulin delivery or Pe delivery of a hepatopreferential insulin analog potently suppressed hepatic glucose production while concurrently stimulating whole-body glucose uptake minimally (39) . Insulin delivery into a Pe vein was able to decrease hepatic glucose production equivalently but with the price of marked increase in muscle glucose uptake. Thus, insulin therapy directed at the liver would rely on a flatter portion of the R d /insulin dose-response curve, and as a result, increases in insulin dosing to control hepatic glucose production and maintain euglycemia would be associated with less glycemic variability and hypoglycemia. In Pr1, in which the counterregulatory hormone response remained intact, dogs receiving insulin Pe were able to establish a plasma glucose nadir of ;50 mg/dL at 60 min. This was achieved by first rapidly increasing glucagon secretion, then later by increasing epinephrine secretion. By comparison, dogs receiving insulin Po established a plasma glucose nadir of ;50 mg/dL at 150 min by reaching nearly the same peak hepatic sinusoidal plasma glucagon concentration, but at a later time point. Although their peak glucagon responses were similar, peak epinephrine levels were greater in the Pe group. In this way, the drop in plasma glucose brought about by the higher Pe insulin concentrations necessitated an earlier but equivalent rise in glucagon to "brake" the fall in glucose and a larger rise in epinephrine to "hold" the plasma glucose nadir when compared with Po delivery.
We next examined the effect of the route of insulin delivery in the absence of a glucagon response. Without this response, plasma glucose dropped more rapidly with both Pe and Po insulin infusion, underscoring the importance of glucagon as the first responder to hypoglycemia. In addition, in the absence of a rise in glucagon, the effect of Pe versus Po insulin infusion on hypoglycemia was significantly magnified. Whereas in Pr1 a glucagon rise enabled a recovery in net hepatic glycogenolytic flux back to basal levels, the lack of a glucagon rise in Pr2 resulted in a continued fall in glycogenolysis during the infusion period. As a result, a much greater adrenergic response was needed to bring about a similar rise in R a to prevent severe hypoglycemia. This led to increased mobilization of gluconeogenic substrates from the periphery and a resultant rise in gluconeogenic flux, increasing R a . This rise in gluconeogenic flux directly correlated with the extent of epinephrine rise across infusion groups and protocols. Despite the larger adrenergic response, lowdose intravenous glucose infusion was needed in five of seven Pe dogs to prevent plasma glucose from falling below 40 mg/dL, compared with only one of seven Po dogs requiring intravenous glucose. These data are consistent with previous studies that suggest a "partitioning" of the counterregulatory response to hypoglycemia (44) . Whereas the early response depends on rising glucagon and resultant glycogenolysis, the later response relies on gluconeogenesis, because rising epinephrine leads to increased extrahepatic production of gluconeogenic substrates.
Several factors need to be considered in the practical application of these results to the treatment of T1DM. First, the Pe insulin resistance that is present in T1DM (45-50) may limit R d in response to a given insulin infusion, thus minimizing the effect of its delivery on hypoglycemia. From a practical standpoint, however, insulin-resistant individuals would simply be given higher insulin doses to overcome the Pe insulin resistance. Thus, because their insulin doses would be titrated up, insulin delivered Pe would still likely result in greater propensity for glycemic variability and hypoglycemia.
A second consideration relates to the fact that patients with T1DM have an absent glucagon response to hypoglycemia and often have a blunted epinephrine response, especially when recent, antecedent hypoglycemia has occurred (18, 20) . The reliance on epinephrine was greatest with Pe insulin when the glucagon response was prevented (Pr2 Pe), with a 3-fold higher epinephrine response compared with when the glucagon response was intact (Pr1 Pe) and a 5.5-fold higher response compared with when the glucagon response was intact and insulin was delivered portally (Pr1 Po). This suggests that Pe insulin delivery would be even more problematic in T1DM patients who had antecedent hypoglycemia.
In summary, these studies support the hypothesis that Pe insulin delivery leads to greater hypoglycemia and increased glucose variability compared with equivalent insulin delivery into the hepatic Po circulation. The increased propensity for hypoglycemia associated with Pe insulin delivery stems from having higher insulin concentrations at muscle, leading to a larger increase in R d than when insulin is delivered Po. This heightened susceptibility for hypoglycemia places a greater demand on the counterregulatory system to prevent severe hypoglycemia. When the glucagon response to hypoglycemia is defective, as is frequently the case in individuals with T1DM, there is an even greater likelihood of hypoglycemia in the presence of Pe insulin delivery. The fact that insulin has to be delivered Pe clearly plays a role in causing hypoglycemia and glycemic variability. These studies suggest that strategies to mimic endogenous insulin secretion into the Po circulation, such as intraperitoneal insulin delivery or use of hepatopreferential insulin analogs, should mitigate hypoglycemic risk and reduce fluctuations in glucose in patients with T1DM.
